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Three experiments examined anisotropies of tolerance of perceptual completion at the blind spot when a pair of line segments was
presented on opposite sides of the blind spot. The tolerance of perceptual completion is deﬁned as the maximum diﬀerence in a stimulus
attribute between the line segments on opposite sides of the blind spot when perceptual completion of a line has occurred. The misalign-
ment, orientation diﬀerence, and luminance diﬀerence between the line segments were used as the stimulus attributes in Experiments 1, 2,
and 3, respectively. The results showed anisotropies of the tolerance of perceptual completion between horizontal and vertical conﬁgu-
rations of the line segments. Vertical superiorities, which imply a greater extent of tolerance in the vertical conﬁguration than that in the
horizontal conﬁguration, were observed for misalignment and orientation diﬀerence, while horizontal superiority, which implies a greater
extent of tolerance in the horizontal conﬁguration than that in the vertical conﬁguration, was observed for luminance diﬀerence. We
discussed possible origins of the anisotropy of the tolerance of perceptual completion at the blind spot.
 2007 Elsevier Ltd. All rights reserved.
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1 There are two deﬁnitions for the blind spot: (a) the same area as the
optic disc on the retina (Brown & Thurmond, 1993; Durgin, Tripathy, &
Levi, 1995; Spillmann, Otte, Hamburger, & Magnussen, 2006); (b) a visual
ﬁeld corresponding to the optic disc (Cumming & Friend, 1980; Tripathy,
Levi, & Ogmen, 1996; Tripathy, Levi, Ogmen, & Harden, 1995). In the
present study, the blind spot is deﬁned as a visual ﬁeld corresponding to
the optic disc.the line is usually perceived as a continuous line without
any gap (Araragi, Okuma, Ninose, Nakamizo, & Kondo,
2004; Kobayashi, Hida, & Saito, 1999; Ramachandran,
1992). Although the brain cannot receive any aﬀerent sig-
nals from the retinal region corresponding to the blind
spot, one can see a continuous line across the blind spot.
This phenomenon has been generally called perceptual
completion, or ﬁlling-in, of a line at the blind spot.
Psychophysical studies have revealed that for perceptual
completion of the line at the blind spot to occur, the stim-
ulus conditions have to meet three requirements. The ﬁrst
is that a pair of line segments should face opposite sides
of the blind spot (Campbell & Andrews, 1992; Kawabata,
1982; Kobayashi et al., 1999; Matsumoto & Komatsu,
2005). Kobayashi et al. (1999) observed that when a hori-
zontal line segment on only one side of the horizontal bor-
der of the blind spot was presented, perceptual completion
of the line did not occur. However, when the horizontal
line segments were presented on opposite sides of the blind
spot, perceptual completion of the line occurred. These
2 Vertical superiority means that perceptual completion occurring in the
vertical line segments tolerates larger diﬀerences than that occurring in the
horizontal line segments.
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line segments on opposite sides of the blind spot is neces-
sary for perceptual completion to occur. We name this
the ‘opposite-faces requirement’. The opposite-faces
requirement suggests that the visual system integrates line
information on opposite sides of the blind spot for percep-
tual completion of the line information in the blind spot.
The second requirement for perceptual completion of
the line at the blind spot to occur is that each line segment
should be longer than a certain critical length. Araragi
et al. (2004) showed that when the horizontal line segments
on opposite sides of the blind spot were very short, such as
below 0.2 in visual angle, they were perceived as two line
segments separated horizontally. That is, perceptual com-
pletion of the line did not occur. When the length of the
line segments increased beyond the critical length, however,
the line segments were perceived as continuous. We name
this the ‘minimum-length requirement’. The minimum-
length requirement suggests that the visual system cannot
perfectly complete line information across the blind spot
when line information outside the blind spot is extremely
small, even if the opposite-faces requirement is met.
The third requirement for perceptual completion of the
line to occur is that there should be a certain degree of sim-
ilarity between the line segments on both sides of the blind
spot Kawabata (1982) examined the similarity of orienta-
tion of dotted line segments on opposite sides of the blind
spot. He found that when the diﬀerence of orientation was
less than about 35, the dotted line segments were perceived
as continuous, that is, perceptual completion of the line
occurred. However, when the orientation diﬀerence
exceeded that angle, the dotted line segments were per-
ceived as discontinuous, namely, perceptual completion
of the line did not occur. These observations suggest that
the visual system can tolerate diﬀerence of a stimulus attri-
bute between line segments, to a limited extent, for percep-
tual completion of the line to occur. We name this the
‘similarity requirement’. The similarity requirement sug-
gests that the visual system compares the physical attri-
butes of line segments on opposite sides of the blind spot
for perceptual completion of line information in the blind
spot.
In the present study, we deﬁned tolerance of perceptual
completion as the maximum diﬀerence in a stimulus attri-
bute between the two line segments on opposite sides of
the blind spot when perceptual completion of the line
occurs. For instance, Kawabata (1982), who examined
the maximum extent of misalignment of horizontal dotted
line segments on opposite sides of the blind spot when the
dotted line segments were perceived as continuous, found
that the tolerance for misalignment was about 1.1. This
suggests that by examining tolerance of perceptual comple-
tion, we might infer how the visual system integrates diﬀer-
ent information outside the blind spot for perceptual
completion of line information in the blind spot to occur.
In addition to the three above requirements, previous
studies have shown that there is an anisotropy of percep-tual completion of a line for the minimum-length require-
ment. The minimum length of line segments necessary for
perceptual completion to occur was found to be shorter
in the horizontal conﬁguration than in the vertical conﬁg-
uration (Araragi et al., 2004; Araragi & Nakamizo, 2003;
Araragi & Nakamizo, 2006; Nakamizo, Ohkuma, Ninose,
& Kondo, 2000). That is, the visual system could complete
the blind spot with less information about a line in the hor-
izontal orientation than a line in the vertical orientation.
This horizontal to vertical superiority in the minimum-
length requirement suggests that functionally diﬀerent
visual processes might exist depending on the orientation
of line segments.
The present study concentrates on the problem of
whether or not there is anisotropy of the tolerance of per-
ceptual completion for diﬀerences in a stimulus attribute
between two line segments. Ramachandran (1992) qualita-
tively demonstrated anisotropy in the appearance of misa-
ligned line segments. He noted that when vertical and
horizontal line segments were misaligned, the vertical line
segments appeared continuous and straight, while the hor-
izontal line segments appeared staggered or misaligned.
This anisotropy in the appearance of misaligned line seg-
ments suggests that the tolerance of perceptual completion
for misalignment might be greater in vertical conﬁguration
than in horizontal conﬁguration. That is, there seems to be
vertical superiority in the tolerance for misalignment2,
which is opposite to the horizontal superiority found in
the minimum-length requirement.
The purpose of the present study was to quantitatively
examine anisotropies of the tolerance of perceptual com-
pletion at the blind spot. Experiments 1, 2, and 3 examined
the tolerance of perceptual completion for misalignment,
orientation diﬀerence, and luminance diﬀerence, respec-
tively, between line segments on opposite sides of the blind
spot in horizontal and vertical conﬁgurations. Based on the
results obtained, we discuss possible origins for the aniso-
tropies of tolerance, including anisotropy of the vernier
acuity in the peripheral retinal region and the elliptical
shape of the receptive ﬁelds of the neurons responsible
for perceptual completion at the blind spot.
2. General method
2.1. Observers
Four university students and the two authors partici-
pated in each experiment. All had normal or corrected-
to-normal visual acuity and, except for the two authors,
they were naı¨ve as to the purpose of the experiments. Writ-
ten consent was obtained from all observers.
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In all experiments, the stimuli were presented on a 19-
inch color monitor (MA901U, Iiyama, Japan). A computer
(FMV ME3/507, Fujitsu, Japan) controlled the presenta-
tion of the stimuli and recorded the responses that were
made by pressing assigned keys. Gamma correction was
performed for the monitor in order to ensure the linearity
of luminance emitted from the monitor in Experiment 3.
The observers’ heads were ﬁxed with a bite-board.2.3. Stimuli
Fig. 1 shows a typical stimulus scheme used in the pres-
ent study. In all experiments, there were horizontal and
vertical conﬁgurations. In the horizontal conﬁguration, a
pair of horizontal line segments, the ﬁxed and test line seg-
ments, was presented on opposite sides of the blind spot
along an extension of the horizontal axis of the individual
blind spot of each observer’s right eye. In the vertical con-
ﬁguration, a pair of vertical line segments, the ﬁxed and test
line segments, was presented on opposite sides of the blind
spot along an extension of the vertical axis of each individ-
ual blind spot. The lengths of the horizontal and vertical
line segments were 3.0 and 3.6, respectively. The lengths
of the line segments were selected on the basis of the results
of a preliminary experiment in which the minimum length
of the line segments presented on opposite sides of the
blind spot necessary for perceptual completion of the line
to occur was determined separately for the horizontal
and vertical conﬁgurations and for each observer. As a
result, the mean minimum length of the line segments when
95% of the response frequencies necessary for perceptual
completion of the line to occur, averaged over the sixRight Eye
Left Eye
Fig. 1. Typical stimulus scheme used in the present study. A pair of line
segments was presented on opposite sides of the blind spot. The ﬁgure
shows an example of horizontal conﬁguration. The broken ellipse
represents the border of the blind spot.observers, was 3.0 in the horizontal conﬁguration and
3.6 in the vertical conﬁguration. These results were consis-
tent with those of previous studies (e.g., Araragi et al.,
2004) showing anisotropy of the minimum-length require-
ment mentioned in the Introduction. Before each experi-
mental trial, all observers conﬁrmed that each of the
horizontal and vertical line segments used was perceived
as a straight line. The widths of the line segments were dif-
ferent depending on the experimental conditions, which are
described below in the Methods section of each experiment.
It is already known that the width of line segments has
almost no eﬀect, in a limited range, on the minimum-length
requirement (Araragi et al., 2004). In the present experi-
ments, one end of each line segment was ﬁxed at a position
0.6 to the inside of both borders of the blind spot. The
extra lengths of the line segments in the blind spot were
introduced to prevent the ends of the line segments from
shifting outside of the blind spot because of line segment
rotation (in Experiment 2) or involuntary eye movements3.
A red cross was presented along the horizontal and vertical
axes of the blind spot which was mapped individually
before experimental trials. If an observer saw a part of
the red cross during an experimental trial, they were then
required to ﬁxate more steadily and postpone their task
judgments of the trial until the next stimuli presentation.
The line segments were presented one at a time for 200
ms by pressing a key.
2.4. Procedures
All experiments were conducted in a darkened room.
The distance between the CRT display and the observers’
eye was 30 cm. The observers viewed the stimuli with only
the right eye, while the left eye was occluded. Before the
experimental trials, the blind spot of each observer’s right
eye was individually mapped by the method described in
detail in the Appendix. Hence, stimuli were presented at
slightly diﬀerent positions for each observer, depending
on the individual diﬀerence of the location of the blind
spot.
3. Experiment 1
In Experiment 1, we examined the eﬀects of the horizon-
tal and vertical conﬁgurations of the test line segments on
tolerance for misalignment of a pair of line segments on
opposite sides of the blind spot when perceptual comple-
tion occurred.
3.1. Methods
The stimuli and their positions with respect to the
blind spot used in the experiment are illustrated in3 A previous psychophysical study suggests that visual information on
and around the border of the blind spot strongly aﬀects perceptual
completion at the blind spot (Spillmann et al., 2006).
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Fig. 2. (A) Stimuli used to investigate the tolerance of perceptual completion for misalignment between the line segments on opposite sides of the blind
spot. The broken ellipse and m represent the border of the blind spot and an extent of misalignment between extensions of the line segments, respectively.
(B) Means and standard errors (thin lines) of the tolerance of perceptual completion for misalignment averaged over the six observers and plotted as a
function of the conﬁguration.
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line segments presented on opposite sides of the blind spot,
shifted 0.07 with the press of a key on the computer key-
board, while the ﬁxed line segment, which was the other
line segment, remained unchanged. As shown in the ﬁgure,
the horizontal test line segment shifted upwards or down-
wards, and the vertical test line segment shifted leftwards
or rightwards, along the border of the blind spot. The test
line segment was located on the nasal or temporal side of
the blind spot in the horizontal conﬁguration, or on the
superior or inferior side in the vertical conﬁguration. The
two widths of the line segments used were 0.5 and 1.0.
The luminances of the line segments and background were
0.2 and 78.1 cd/m2, respectively. The observers were asked
to judge whether the line segments on opposite sides of the
blind spot were perceived as continuous or discontinuous.
When the observers perceived them as continuous irrespec-
tive of the apparent line being straight or curved, they were
asked to press ‘1’ on the keyboard. After the response, the
extent of misalignment between the line segments was
increased by 0.07. When the observers perceived them as
discontinuous, on the other hand, they were asked to press
‘3’ on the keyboard. Then the trial ﬁnished and the mis-
alignment at that time was recorded as an index of the tol-
erance. An experimental session consisted of 4 blocks (2
conﬁgurations · 2 sides of the test line segment) of 12 trials
(2 widths of the line segments · 2 shifting directions of the
test line segment · 3 repeats). The order of the blocks, as
well as the trials in each block, was randomized for each
observer.
3.2. Results and discussion
The results of the experiment showed a vertical superior-
ity in the tolerance of perceptual completion for misalign-
ment; the tolerance was larger in the vertical
conﬁguration than in the horizontal conﬁguration. First,
we performed t-tests to examine the eﬀect of the side of
the test line segment on the tolerance for misalignment,
using the basic statistical data averaged over the sub-condi-tions except for the side of the test line segment, separately
for each of the conﬁgurations. The results showed that the
side of the test line segment did not aﬀect the tolerance for
misalignment either in the horizontal (t(5) = 0.94, p > .1)
or vertical (t(5) = 0.80, p > .1) conﬁguration. Therefore,
we combined the data for both sides of the test line seg-
ment. Next, a two-way repeated measures ANOVA was
performed on the tolerance for misalignment with the fac-
tors of the conﬁguration (horizontal, vertical) and the
width of the line segments (0.5, 1.0). The main eﬀect of
the conﬁguration was signiﬁcant (F1,5 = 21.97, p < .01).
The tolerance for misalignment was larger in the vertical
conﬁguration than in the horizontal conﬁguration. The
main eﬀect of the width of the line segments was not signif-
icant (F1,5 = 0.45, p > .1). The width of the line segments
did not aﬀect the tolerance for misalignment. The interac-
tion was not signiﬁcant (F1,5 = 3.69, p > .1). Fig. 2B shows
the means and standard errors of the tolerance for mis-
alignment, averaged over the six observers and plotted as
a function of the conﬁguration.
The anisotropy of vernier acuity in the peripheral retina
(Westheimer, 2005) might account for the vertical superior-
ity in the tolerance for misalignment found in the present
experiment. Westheimer (2005) examined vernier acuity
in the peripheral retina, and found that vernier acuity in
the horizontal conﬁguration was, to a limited extent, higher
than in the vertical conﬁguration of the line segments.
Although the line length (1.5 on average) used by Westhei-
mer diﬀered from that (3.3 on average) used in the present
study, his ﬁndings are suggestive in the sense that the stim-
ulus asymmetry in the range of retinal eccentricities of the
horizontal and vertical lines aﬀected the vernier acuity. The
diﬀerence in the range of retinal eccentricities of the hori-
zontal and vertical line segments in the present experiment
might aﬀect the misalignment threshold or vernier acuity,
resulting in the anisotropy of the tolerance. The visual sys-
tem can tolerate a larger misalignment in the vertical con-
ﬁguration because of the lower vernier acuity.
The vertical superiority in the tolerance for misalign-
ment is consistent with the qualitative observation by
622 Y. Araragi, S. Nakamizo / Vision Research 48 (2008) 618–625Ramachandran (1992) that when the vertical and horizon-
tal line segments were misaligned in equal amounts, the
vertical line segments appeared continuous and straight,
but the horizontal line segments appeared staggered or mis-
aligned. Such observations can also be expected from the
results of the present experiment. Since the tolerance of
perceptual completion for misalignment is larger in the ver-
tical conﬁguration than that in the horizontal conﬁgura-
tion, misaligned vertical line segments appear continuous
and straight, while misaligned horizontal line segments
appear staggered or misaligned.
4. Experiment 2
In Experiment 2, we compared, between horizontal and
vertical conﬁgurations, tolerance for the orientation diﬀer-
ence between two line segments on opposite sides of the
blind spot when perceptual completion occurred.
4.1. Methods
The stimuli used in the experiment are illustrated in
Fig. 3A. The test line segment, which was one of the two
line segments on opposite sides of the blind spot, was
rotated 1 at the center of the end point of the line segment
inside the blind spot with the press of a key, while the ﬁxed
line segment, which was the other line segment, remained
unchanged. The initial orientation of the test line segment
as well as the orientation of the ﬁxed line segment was
either horizontal or vertical. The horizontal test line seg-
ment rotated upwards or downwards, and the vertical test
line segment rotated leftwards or rightwards. The test line
segment was on the nasal or temporal side of the blind spot
(the horizontal conﬁguration), or on the superior or infe-
rior side (the vertical conﬁguration). The width of the line
segments was 0.8. The luminances of the line segments and
the background were 0.2 and 78.1 cd/m2, respectively. The
observers were asked to judge whether the line segments on
opposite sides of the blind spot were perceived as continu-Fixed Line
Test Line
Vertical ConfiguHorizontal Configuration
Fixation
A
Fig. 3. (A) Stimuli used to investigate the tolerance of perceptual completion f
blind spot. The broken ellipse and h represent the border of the blind spot and
and standard errors (thin lines) of the tolerance of perceptual completion fo
function of the conﬁguration.ous or discontinuous. When the observers perceived them
as continuous irrespective of the apparent line being
straight or curved, they were asked to press ‘1’ on the key-
board. After the response, the test line segment was rotated
by 1. Thus, when the observers perceived the line segments
as discontinuous, they were asked to press ‘3’ on the key-
board. Then the trial ﬁnished and the angle of rotation at
that time was recorded as an index of the tolerance. An
experimental session consisted of 4 blocks (2 conﬁgura-
tions · 2 sides of the test line segment) of 12 trials (2 mov-
ing directions of the test line segment · 6 repeats). The
order of the blocks, as well as the trials in each block,
was randomized for each observer.
4.2. Results and discussion
The results of the experiment showed a vertical superior-
ity in the tolerance of perceptual completion for orienta-
tion diﬀerence: the tolerance was larger in the vertical
conﬁguration than in the horizontal conﬁguration. First,
we performed t-tests to examine the eﬀect of the side of
the test line segment on the tolerance for orientation diﬀer-
ence, using the basic statistical data averaged over the sub-
conditions except for the side of the test line segment, sep-
arately for each of the conﬁgurations. The results showed
that the eﬀect of the side of the test line segment did not
aﬀect the tolerance for orientation diﬀerence either in the
horizontal (t(5) = 0.48, p > .1) or vertical (t(5) = 0.69,
p > .1) conﬁguration. Therefore, we combined the data
for both sides of the test line segment. Next, a t-test was
performed on the tolerance for orientation diﬀerence
between the two conﬁgurations. The t-test showed that
the eﬀect of the conﬁguration on the tolerance for orienta-
tion diﬀerence was signiﬁcant (t(5) = 5.33, p < .01). The
tolerance for orientation diﬀerence was larger in the verti-
cal conﬁguration than in the horizontal conﬁguration.
Fig. 3B shows the means and standard errors of the toler-
ance for orientation diﬀerence, averaged over the six
observers and plotted as a function of the conﬁguration.ration
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ment, the vertical superiority in the tolerance for orienta-
tion diﬀerence was not consistent with the isotropy of the
threshold of orientation discrimination. Westheimer
(2003) investigated the threshold of orientation discrimina-
tion in the peripheral retina. His results did not show a dif-
ference in the thresholds between the horizontal and
vertical conﬁgurations, but they did show a diﬀerence
between a cardinal (horizontal and vertical) and oblique
conﬁguration. We discuss the vertical superiority in the tol-
erance for orientation diﬀerence in General discussion.
5. Experiment 3
In Experiment 3, we compared, between the horizontal
and vertical conﬁgurations, tolerance for the luminance
diﬀerence between the two line segments on opposite sides
of the blind spot when perceptual completion occurred.
5.1. Methods
The stimuli used in the experiment are illustrated in
Fig. 4A. The luminance of the test line segment, which
was one of the two line segments on opposite sides of the
blind spot, was increased (or decreased) by 0.91 cd/m2 with
the press of a key, while the luminance of the ﬁxed line seg-
ment, which was the other line segment, remained
unchanged. The test line segment was on the nasal or tem-
poral side of the blind spot (the horizontal conﬁguration),
or on the superior or inferior side (the vertical conﬁgura-
tion). The width of the line segments was 1.7. The lumi-
nances of the ﬁxed line segment and background were
0.20 and 77.1 cd/m2, respectively. The luminance of the test
line segment was 0.20 cd/m2 in the descending series and
77.1 cd/m2 in the ascending series at the initial presentation
of each trial. The observers judged whether the line seg-
ments were perceived as continuous or discontinuous irre-
spective of luminance diﬀerence. In the descending series,
when the observers perceived them as continuous, they
were asked to press the ‘1’ key on the keyboard. AfterFixed Line
Test Line
Fixation
Vertical ConfiguHorizontal Configuration
A
Fig. 4. (A) Stimuli used to investigate the tolerance of perceptual completion f
blind spot. The broken ellipse represents the border of the blind spot. (B) Mean
for luminance diﬀerence averaged over the six observers and plotted as a functio
test line segment minus the luminance of the ﬁxed line segment (0.2 cd/m2).the response, the luminance of the test line segment was
increased by 0.91 cd/m2. When the observers perceived
them as discontinuous, on the other hand, they were asked
to press ‘3’ on the keyboard. In the ascending series, when
the observers perceived them as discontinuous, they were
asked to press the ‘1’ key on the keyboard. After the
response, the luminance of the test line segment was
decreased by 0.91 cd/m2. When the observers perceived
them as continuous, on the other hand, they were asked
to press ‘3’ on the keyboard. Then, the trial ﬁnished, and
the luminance diﬀerence at that time was recorded as an
index of the tolerance. An experimental session consisted
of 4 blocks (2 conﬁgurations · 2 sides of the test line seg-
ment) of 12 trials (2 series · 6 repeats). The order of the
blocks, as well as the trials in each block, was randomized
for each observer.5.2. Results and discussion
The results of the experiment showed a horizontal supe-
riority in the tolerance of perceptual completion for lumi-
nance diﬀerence: the tolerance was larger in the
horizontal conﬁguration than in the vertical conﬁguration.
First, we performed t-tests to examine the eﬀect of the side
of the test line segment on the tolerance for luminance dif-
ference, using the basic statistical data averaged over the
sub-conditions except for the side of the test line segment,
separately for each of the conﬁgurations. The results
showed that the side of the test line segment did not aﬀect
the tolerance for luminance diﬀerence either in the horizon-
tal (t(5) = 1.09, p > .1) or vertical (t(5) = 1.05, p > .1) con-
ﬁguration. Therefore, we combined the data for both sides
of the test line segment. Next, a two-way repeated measures
ANOVA was performed on the tolerance for luminance
diﬀerence with the factors of the conﬁguration (horizontal,
vertical) and the series (ascending, descending). The main
eﬀect of the conﬁguration was signiﬁcant (F1,5 = 45.78,
p < .01). The tolerance for luminance diﬀerence was larger
in the horizontal conﬁguration than in the vertical conﬁg-
uration. The main eﬀect of the series was not signiﬁcantration
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(F1,5 = 0.27, p > .1). Therefore, we combined the data of
both the ascending and descending series because no signif-
icant diﬀerence existed between the data for both series.
Fig. 4B shows the means and standard errors of the toler-
ance for luminance diﬀerence, averaged over the six observ-
ers and plotted as a function of the conﬁguration.
The horizontal superiority in the tolerance for lumi-
nance diﬀerence could not be explained by the anisotropy
of detection of the test line segment, i.e., the contrast sen-
sitivity between the test line segment and background. If
there was an anisotropy of detection of the test line seg-
ment, in which the horizontal test line segment was
detected more easily than the vertical test line segment,
then the detection of the test line segment might bring
about horizontal superiority in the tolerance for luminance
diﬀerence. However, if the contrast sensitivity between the
test line segment and background aﬀected tolerance, then
the tolerance should be diﬀerent between the nasal and
temporal sides or between the superior and inferior sides
of the blind spot. Contrast sensitivity correlates to cortical
magniﬁcation (Koenderink, Bouman, Bueno de Mesquita,
& Slappendel, 1978; Rovamo, Virsu, & Na¨sa¨nen, 1978),
and cortical magniﬁcation correlates to retinal eccentricity.
Therefore, the nearer a test line segment is to the ﬁxation
point, the more easily the test line segment should be able
to be detected. However, no signiﬁcant diﬀerence between
the two sides of the test line segment was found, and thus
there is no support in the present data for this possibility.
6. General discussion
The three experiments clearly showed anisotropies of the
tolerance of perceptual completion at the blind spot. Inter-
estingly, anisotropic superiorities in the tolerance depended
on the stimulus attributes. The tolerance for misalignment
and orientation diﬀerence showed vertical superiorities, as
shown by Experiments 1 and 2. On the other hand, the tol-
erance for luminance diﬀerence showed horizontal superi-
ority, as shown by Experiment 3. The diﬀerence between
the anisotropic superiorities in the stimulus attributes sug-
gests that visual processing for perceptual completion at
the blind spot might diﬀer depending on the horizontal
and vertical conﬁgurations.
What factor, then, is responsible for the anisotropy of
tolerance of perceptual completion found in the present
study? Here we consider two candidates as possible factors
responsible for the observed anisotropic characteristics of
tolerance. One is the anisotropy of the vernier acuity found
by a previous psychophysiological study (Westheimer,
2005). The other is the elliptical shape of the receptive ﬁelds
of the neurons responsible for perceptual completion at the
blind spot, which was found by a previous neurophysio-
logical study (Komatsu, Kinoshita, & Murakami, 2000).
First, the anisotropy of the vernier acuity might be
responsible for the vertical superiority in the tolerance for
misalignment observed in Experiment 1. As the vernieracuity was higher in the horizontal conﬁguration than in
the vertical conﬁguration (Westheimer, 2005), the visual
system could tolerate a larger misalignment in the vertical
conﬁguration than that in the horizontal conﬁguration.
Second, the elliptical shape of the receptive ﬁelds of the
neurons responsible for perceptual completion at the blind
spot could explain the observed vertical superiorities in the
tolerance for both misalignment and orientation diﬀerence.
Previous physiological studies have described that some
neurons in the V1 region (primary visual cortex) that repre-
sent the blind spot were activated when perceptual comple-
tion occurred at the blind spot (Fiorani, Rosa, Gattass, &
Rocha-Miranda, 1992; Komatsu, 2006; Komatsu, Kinosh-
ita, & Murakami, 2002; Komatsu et al., 2000; Matsumoto
&Komatsu, 2005). The receptive ﬁelds of most of these neu-
rons have elliptical shapes with vertical axes shorter than
their horizontal axes, and they mostly cover the blind spot
(Komatsu et al., 2000). Further, the horizontal axes of the
receptive ﬁelds are often longer than the horizontal axes
of the blind spot, whereas the vertical axes of the receptive
ﬁelds are shorter than the vertical axes of the blind spot. In
order to integrate the information of two line segments such
as those used in the present experiments, a single neuron is
suﬃcient for the horizontal conﬁguration but insuﬃcient
for the vertical conﬁguration; more neurons are needed to
integrate the line information in the vertical conﬁguration.
This diﬀerence between the two conﬁgurations might be
responsible for the anisotropy of tolerance of perceptual
completion found in the present study.
Throughout the course of the present study, we have
demonstrated anisotropies of the tolerance of perceptual
completion at the blind spot. However, determination of
the origin of the anisotropies awaits further investigation.
Appendix A
A.1. Mapping procedure of the blind spot
The blind spot of the right eye was mapped onto a
computer screen under the examination of each observer.
Y. Araragi, S. Nakamizo / Vision Research 48 (2008) 618–625 625The observer’s head was stabilized by means of a bite-
board. The cross mark was presented as the ﬁxation point
in the center of the screen (Fig. A1f). The stimulus was a
white dot (0.2 in diameter), and it was moved horizontally
or vertically on the black background at a speed of 0.6/s,
and ﬂashed every 200 ms. The observer’s task was to press
a key when the dot disappeared and reappeared while ﬁx-
ating on the mark. At ﬁrst, the dot moved horizontally
from the ﬁxation point toward the right. When the dot dis-
appeared, the observer pressed the key (A); then, when the
dot reappeared (B), the observer pressed the key again.
Next, the dot moved along a vertical path intersecting the
midpoint (m) between A and B. The vertical axis of the
blind spot was deﬁned as the distance from a point where
the dot disappeared (C) to a point where the dot reap-
peared (D). Next, the dot moved along a horizontal path
intersecting the midpoint of the vertical axis of the blind
spot. The horizontal axis of the blind spot was deﬁned as
the distance from a point where the dot disappeared (E)
to a point where the dot reappeared (F). Other four scan-
ning paths were two horizontal and two vertical ones; each
passing through the intersection of the points dividing the
vertical and horizontal axes of the blind spot into equal
quarters. The number of scanning paths was seven in total,
and the dot moved back and forth on each path. The loca-
tions where the points disappeared and reappeared were
averaged over those in the back and forth paths and were
used as estimates of the edge of the blind spot. Conse-
quently, the region of the blind spot was mapped by 12
dot-positions. The border of the blind spot was interpo-
lated from these 12 points, and used in the present experi-
ments. Each subject repeated the measurement until the
error of measurement of 4 points (C–F) in two continuous
measurements was within 0.2. The center of the blind spot
was deﬁned as the intersection of the vertical and horizon-
tal axes of the blind spot.
The validity of this mapping procedure was tested with
another experiment in which the probability of detection
of a test dot (0.2 in diameter) was examined by 11 observ-
ers (Okuma, Ninose, Nakamizo, & Kondo, 2001). The dot
was presented for 200 ms in each of 30 positions of the
blind spot randomly selected: inside, border, and outside
of the blind spot. As a result, the probabilities of detection
of the dot were, in average, 0.02, 0.63, and 0.98 in the
inside-, border-, and outside-location conditions, respec-
tively. We interpreted these detection probabilities showing
validity of the mapping procedure we used.
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